Introduction
Heritage is important to the history of previous, current and future generations, i.e. the previous generation who built, current generation who maintain and the next generation who safeguard it (Feilden, 1979) , passed down from one generation to another (Prentice, 1993) . Generally, heritage buildings can be classified as cultural property (United Nations Educational, Scientific and Cultural Organisation (UNESCO), 1972) and also as "monument" which includes elements or structures of outstanding universal value from the point of view of history, art or science (The Commissioner of Law Revision, Malaysia, 2005) . Meanwhile, heritage buildings conservation is significant to protect its cultural resources (Feilden, 1994 (Feilden, , 2003 as well as preserving its historical and architectural values (Kamaruzzaman et al., 2011) . It is well-accepted that conservation of heritage buildings is crucial for ensuring that the financial, economic and societal capital invested in the fabric is retained. This relates to all the processes of maintenance, repair and restoration both of their important fabric and structures.
Historically, "World Heritage Convention" has promoted conservation of heritage buildings by adopting and extolling the virtues of building maintenance since 1960s (UNESCO, 1972) . Significantly, the recognition of maintenance is embedded within main building conservation legislative frameworks and charters (Bell, 1997; BS 7913, 1998;  sustainability, including sustainable repair of heritage buildings (Kayan, 2015) . Significantly, the level of awareness in our society upon the importance of selection prioritizes low-embodied carbon materials is increasing steadily, including the selection of paint type and materials. Therefore, this paper attempts to gives insight on how "Green Maintenance Model" enabled decision-making process of paint repair options for heritage buildings using calculation procedures, within selected boundaries of life cycle assessment (LCA). Clearly, this will be a key to achieving better understanding upon relationship between heritage buildings maintenance strategies and repair works with carbon emissions.
Maintenance strategies and repair works of heritage buildings: relationship with carbon emissions
Good maintenance strategies and effective repair works are important for attaining sustainable repair for heritage buildings. Takata et al. (2004) and Forster and Kayan (2009) expounded that maintenance strategies commonly determined the building's condition by staving off decay. In addition Flores-Colen and de Brito (2010) suggested that undertaken maintenance intervention with a sustainable repair approach will effectively mitigate the negative impact of decline in the performance of heritage building over their life cycle. Significantly, good maintenance practice and repair approach of heritage buildings will significantly reduce the amount of carbon emissions expended from repair works (Kayan, 2015) . This is parallel with the tenets of sustainability. Good maintenance strategies and effective repair works not only prolonging the lifespan of heritage buildings, it also minimizing environmental impact, in the forms of reduction of embodied carbon emissions. Thus, this paper also gives insight on how maintenance strategies and repair works of heritage buildings are associated with embodied carbon expenditure, particularly in relation to paint repair options.
Paint repair options impact on embodied carbon expenditure
In general, common paint repair options are available to those entrusted with maintenance of heritage building fabric and structures. Whilst there are different options for paint repair, they are commonly determined by building design, forms and materials used. Common repair options for paint are generally determined based on the number of coatings applied and specified area of surface and covering materials (Omar, 2014) . It must be noted, however, that different paint types and coatings will contribute to dissimilar impact to both technical and philosophical aspects of heritage buildings repair. For the purpose of this paper, it must be emphasized that other paint repair options might commonly be utilized by practitioners, however, they are outside the scope of this study.
Applied paint coatings utilized for this paper could be viewed in terms of relative levels of impact to the original roof surface and covering materials. For example, single coatings of paint applied have a limited impact, yet it is commonly less durable. Conversely, application of two, three or more coatings will logically result in more durable finished works. In the context of environmental impact, embodied carbon expenditure expended in paint repair is also very much determined by different paint type and classification. Generally, however, there is no consensus of agreement on final environmental impact indicators for paint materials.
Previous relevant publications and LCA studies have frequently weighted the environmental impact indicators such as of building materials against each other in terms of embodied carbon expenditure (see Harris, 1999) , as well as focusing on various ecotoxicology and weighing systems (Kayan, 2013) . These indicators of building materials have been also researched by leading bodies, such as the Building Research Establishment (BRE) and the Construction Industry Research and Information Association, UK (CIRIA). With regards to LCA approach for heritage buildings, however, this led to the question Green maintenance for heritage buildings "how can detrimental Environmental Maintenance Impact (EMI) of materials used in paint repair be evaluated?" Practically, the selection process for common materials used in paint repair for heritage buildings must be scrutinized as their harmful environmental impact contributes to problems such as release of waste and toxic substances into air, water and soils; depletion of original resources; the use of contaminated soil and reduction of original habitat areas. It must be noted, however, the primary aim of this research is to quantify embodied carbon expenditure (CO 2 emissions) of paint repair materials of selected heritage buildings in the context of Malaysia. Final environmental impact and respective problems caused by paint repair for heritage buildings were regrettably not quantified by this research. In construction industry, there are two classifications of paints, which are solvent-based and water-based. Dulux Trade Paint Expert (2010) specified that, the usage of less toxic of paint is beneficial in terms of environmental impact. Moreover, less toxic paint is commonly long lasting (despite requiring fewer coats) to achieve high-quality finish. This will reduce the amount of painting (fewer coatings) applied during the lifetime of a building, i.e. minimal maintenance intervention (low frequency of repair). Subsequently, this type of paint commonly caused less embodied carbon expenditure, i.e. low-embodied carbon as it has minimal Volatile Organic-Compounds (VOC) content. Comparatively, less toxic water-based paint only contains 6 percent of VOC, as opposed to solvent-based paint (containing between 30 and 70 percent of VOC). Clearly, both types of paints have their own different implication on environmental impact (Ecospecifier Pty. Ltd., 2014) . Clearly, the higher the toxicity level of VOC of paint, the higher the embodied carbon expended in their repair and vice-versa. However, evaluation of paint repair options for heritage buildings, specifically their detrimental impact on environment due to their toxicity level, within LCA remains lacking and not completely explored. Also, it must be noted that cumulative environmental impact and implications of VOC in terms of embodied carbon expenditure in paint repair for heritage buildings were not evaluated in this study.
Evaluation of embodied carbon expenditure for repair is generally measured based on carbon emissions emitted during the used materials' manufacturing process and delivery to building site. In the case of paint, it used pigments, binders and solvents that add to its embodied carbon. Logically, paint with a low amount of embodied carbon helps to attained optimum sustainability (Dulux Trade Paint Expert, 2010) . As it is widely used in building maintenance and repair, paint is a common material applied both on externally and internally of building -mainly used as the internal finishing or weather protection for external building elements. Moreover, paints also had diverse coating durability and lifespan, i.e. very much dependent upon the number of coatings applied during painting works and repair. Also, the number of coating applied will determine number of maintenance intervention and longevity of paint repair. Theoretically, a durable paint repair with higher number of coatings, requiring fewer repeated maintenance interventions, thus incurs less embodied carbon expenditure over the lifespan of the building. Conversely, less durable paint repair with single coating application contributes to more repeated maintenance interventions, causing higher embodied carbon expenditure. It is clear that these scenarios will influence embodied carbon expenditure, in relation to paint repair options. Therefore, Green Maintenance modeling is practically essential to determine and ultimately substantiate the decision-making process of paint repair options for case studies of heritage buildings, using a calculation procedures, within delineated boundaries of LCA.
4. Green Maintenance modeling: case studies, calculation procedures and LCA Nowadays, sustainability has encapsulated economic, environmental and societal domains in the building and construction industry. Pitt et al. (2009) Figure 1 represents the traditionally accepted conceptual model of sustainability with environmental, societal and economic domains, overlaid with the three factors that influence maintenance for building maintenance, namely; environment, cost and philosophy. Those maintenance interventions that intersect with all three domains would potentially be considered as being the most sustainable, as promoted by Green Maintenance concept and methodology (Forster et al., 2013) . In brief, Green Maintenance is an evaluation tool that has the potential to allow selection of the sustainable solution for long-term maintenance intervention, in terms of cumulative effect on environmental impact. Primarily, this model was set to improve the efficiency of repair in terms of embodied carbon expenditure, i.e. carbon emissions for buildings.
Meanwhile, Figure 2 shows that there are implications for undertaking maintenance interventions on the service condition of buildings over time. Over the longevity of repair, the downward sloping lines signify the steady decline in building condition through the 
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Green maintenance for heritage buildings deterioration processes. Each maintenance intervention is undertaken mainly to bring the building's existing structure back to its optimal service condition. However, the deterioration rate depends mainly on the repair options undertaken. Based on Figure 2 , maintenance intervention is assumed to be taking place when the minimum acceptable condition for the building is reached; the saw tooth profile results from successive interventions, each extending the life of the existing structure. Conceptually, high embodied carbon expenditure (high CO 2 emissions) is mainly due to frequent maintenance intervention. In the case of heritage buildings repair, usage of locally sourced repair materials, engagement of regional companies to undertake repair work and selection of low-embodied carbon materials are the most common adopted mechanisms to reduce CO 2 emissions. Practically, in order to attain low-embodied carbon expenditure for repair materials, preference is commonly given to repair techniques with higher longevity of repair. Theoretically, the higher the longevity of repair is, the fewer maintenance interventions need to be undertaken, i.e. lower embodied carbon expenditure and less CO 2 emissions. This should evidently emphasize in adoption of "Green Maintenance" concept and methodology.
Previously , 2009 ). In the case of TARBASE specifically, it successfully shows that effectively delivered technological solutions will allow a radical, visible, step change input to policies and programs designed to reduce the carbon footprint of the UK building stock. It must be noted, however, that, both of the works attempted to make heritage buildings more energy efficient using a retrofitting approach and not by means of adopting a sustainable paint repair approach in reducing CO 2 emissions.
Relatively, if we can evaluate the efficacy of paint repair in terms of its embodied carbon expenditure (CO 2 emissions) based on "Green Maintenance" concept and methodology, it could then be tailored to suit the EMI aspects rather than the longevity of repair alone. To fully appreciate the EMI of the paint repair for heritage buildings, the boundary of LCA and maintenance profile period must be set and selected appropriately. Figure 3 shows how the EMI of repair builds up. In the case of heritage buildings, this is the cumulative effect of maintenance interventions over the building's structure and element lifespan, denoted by n1, n2 and n3. Each intervention (repair) has embodied carbon expenditure (ce) and a longevity of repair (l). The total embodied carbon expended by maintenance interventions through repair is illustrated by the following equation:
where; n is number of interventions; ce i embodied carbon expenditure for the ith maintenance intervention (evaluated by within "cradle-to-site" tools of LCA) (kgCO 2 e/kg). The total carbon embodied in building's structure and element is from the "before use" stage, while the carbon expended in repairs is defined in the "maintenance, repair and refurbishment" stage. If we include the initial state of a building in the form of its total embodied carbon (CO 2 op), the total carbon after the nth intervention is given by equation:
Equation (2) correlates with the steps associated with the maintenance interventions shown in Figure 3 . It assumes that all paint repairs are immediately undertaken once their life expectancy (longevity of paint repair) has been reached. By adding the total embodied carbon expended within the maintenance interventions to the total embodied carbon in the fabric in the initial state of the building, we can determine the total embodied carbon expenditure at any point over the building's lifespan. For the purpose of this research, however, only the total embodied carbon expenditure for repair of deteriorated paint during the maintenance phase were considered for calculation within the "cradle-to-site" of LCA.
One important, yet not expressed concept incorporated into the method's framework was the undertaking of regular maintenance, as this was recognized as being pivotal for reduced rates of deterioration in building materials. In addition, the applications of Green Maintenance model in the field of cultural heritage conservation remain problematic. According to both 1877 Society for the Protection of Ancient Buildings (SPAB) and 1999 Burra Charter of Australia ICOMOS principle guidance, the model should parallel with the main tenets of cultural heritage conservation such as reversibility, honesty, integrity, avoidance of conjecture and least or minimal intervention (Kayan, 2013) . Apparently, for the Green Maintenance concept and methodology to be of rational use, evaluation of embodied carbon expenditure expended in maintenance intervention, i.e. in these paint repairs, must be evaluated using comparable, reproducible methods.
It must be emphasized, however, that the time between maintenance intervention is influenced by many variables; longevity of repair, resourcing and geographical location, technological development, mode of transportation, degree of exposure, building detailing (in this case roof surface and covering materials), quality of initial work and specification. Additionally, the calculation procedures of the model are influenced by embodied carbon coefficients (kgCO 2 e/kg) of paint repair materials, transportation data, CO 2 emission factors (kgCO 2 /kg/km) and functional units of embodied carbon per m 2 (kgCO 2 e/kg/m 2 ). Using these data, embodied carbon expenditure of paint repair of heritage buildings in this research can be evaluated and comparatively tested using EMI, by adopting multiple-case study approach.
The epistemological underpinning for this research is grounded in case studies, which are typically associated with the use of multiple sources of evidence and a strong context (Knight and Ruddock, 2008) . To enable meaningful results analysis of this research, documentation of historical maintenance data and records of paint repair for selected case studies is clearly a pivotal consideration in determining multiple-case study approach. Determination of the suitability of the case studies for this research was primarily assessed on the intactness of data relating to the longevity of repairs and measurement of quantities of paint repair materials used during maintenance phase. [1941] [1942] [1943] [1944] [1945] , the Japanese had occupied this this building and turned it into war headquarters. After series of changes in building functions, it was converted into the Royal Gallery until to the present day in 2005 (Omar, 2014) . Distinctively, this building had emulated England's neo-classical style of buildings, built between late nineteenth and early twentieth century. Significantly, this building is also influenced by Classic Colonial architecture, which apparently can be seen on its roof design forms and covering materials.
Famously known as "White House," Sultan Suleiman Club located at Jalan Dewan Sultan Suleiman, Kampung Baru, Kuala Lumpur, Malaysia. The new building was officiated on December 8, 2007 by the current Sultan of Selangor, Sultan Sharafuddin Idris Shah ibni Almarhum Tuanku Salahuddin Abdul Aziz Shah Al-Haj. At the present day, the building is under the administration and management of National Heritage Department, Ministry of Information, Communications and Culture, Malaysia. It is currently operated and opened to the public mainly for cultural arts programs and heritage gallery of the building's history and development. The existing building (the third building of Kelab Sultan Suleiman, built in 1967, constructed with flat roof design and materials) was a replica of the 1932 original building (first building). To suit its flat roof construction, asphalt and bitumen are used on the roof surface area, mainly laid as water proof course.
Currently, all selected case studies for this research are either owned or managed by Malaysian Government or Selangor State Government. All of them had large areas of exposed roof surface and covering materials, which are uniquely different to each other in terms of type of its construction and materials used. Due to their localities, roof surface and covering materials these case studies have faced constant weathering effects of the hot and humid tropical climate of Malaysia. Theoretically, the faster the rate of deterioration, the more frequently repairs were required, resulting in a larger total area repaired. Kayan (2013) suggested that the larger the deteriorated surface, the higher total area repaired within selected maintenance periods. Apparently, this had influenced the longevity of the paint repair undertaken on their roof surface and covering materials. For the purpose of this paper, all of these buildings also have a similarity; they had used paint materials for their roof surface and covering materials repair. In addition, they have gone through previous maintenance and repair, i.e. paint repair on the roof surface and covering materials during the maintenance phase. In this paper, evaluation of embodied carbon expenditure expended from paint repair of selected case studies during maintenance phase is based on calculation procedures of the Green Maintenance model.
Calculation procedures
Primarily, calculation procedures of this paper underpinned the Green Maintenance model. They were undertaken to evaluates embodied carbon expenditure (CO 2 emissions) expended in roof surface and covering materials, correlated with the life expectancy of the repair. Using a set of unit processes and workflows from each paint repair options and potential number of coatings, embodied carbon expenditure were calculated both within "before" use stages (encompassing the processing and manufacturing) as well as during "use" stages (involving transportation processes) (Sustainable Building Alliance, 2015) .
Chronologically, there is no clear indication of the origin and timeline of LCA. Specifically, there is no explicit previous research on life cycle approach for heritage building conservation. Historically, scientific literature of these previous works can be traced back since 1970s. In 1979, "Handbook of Industrial Energy Analysis" by I. Boustead and G.F. Hancock (Boustead and Hancock, 1979) provided the UK's first example of methodology for energy analysis from a life cycle perspective. However, most LCA studies during this period were privately funded and, therefore, were rarely published and so were unknown to the public (Khasreen et al., 2009) . Progressively, in 1990, The Conservation Foundation in Washington, DC of the USA had promoted environmental policy in LCA at national level (Hunt and Franklin, 1996) . In August of the same year, the Society of Environmental Toxicology and Chemistry (SETAC) held a published of "A Technical Framework for Life Cycle Assessment" (Fava et al., 1991) .
A considerable number of LCA guidelines and manuals were developed during the 1990s. These include "Dutch Guidelines" in 1992 (Heijungs et al., 1992) ; "Life Cycle Assessment: Inventory Guidelines and Principles" in 1994 (Vigon et al., 1994 ); SETAC's "Goal Definition and Scoping" and "A Conceptual Framework for Life-Cycle Impact Assessment" manuals in 1993 (Selmes, 2005) ; "Life Cycle Design Guidance Manual: Environmental Requirements and the Product System" in 1994 (Keoleian and Menerey, 1994) and "Z-760 Environmental Life-Cycle Assessment" by the Canadian Standards Association, also in 1994 (Canadian Standards Association, 1994) . Following these, other LCA guidelines have since been established, such as the "Nordic Guidelines on Life-Cycle Assessment" in 1995 (Lindfors, 1995) ; "Life Cycle Assessment: What It Is and How to Do It" by the United Nations Environment Programme in 1996 (United Nations Environment Programme (UNEP, 1996) ; "Life-Cycle Assessment Data Quality -A Conceptual Framework" and "Guidelines for Life-Cycle Assessment: A 'Code of Practice' " ("LCA Bible"), both in 1996 ( Jensen, 1996) , and The European Environment Agency's "Life Cycle Assessment: A Guide to Approaches, Experiences and Information Sources" in 1997 ( Jensen et al., 1997) . Unfortunately, most of these guidelines and manuals are largely based on life cycle philosophy and, therefore, their application and standardization is not clearly justified, particularly in a heritage building conservation context. Moreover, The International Organization for Standardization (ISO) has published 14040 series-standards relating to LCA (International Organisation for Standardisation, 1996) . From 1998, the ISO has also produced standardised LCA in 1996 (such as 14001
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Green maintenance for heritage buildings series -Environmental Management Systems). Subsequently, ISO 14040-43 has also been appropriately tailored and adopted in the establishment of "Sustainable Product Development" and "Environmental Performance Indicator and Product Declarations" followed by ISO 14040-44. Through production of this standards series, ISO is a primary example of an established organization that facilitates the standardization of LCA. It must be emphasized that, however, selected boundaries of "cradle-to-site" for this research were determined using LCA requirements as specified specifically in ISO 14040 (International Organisation for Standardisation (ISO), 2006a, b). Significantly, this was in accordance with BRE of the UK, methodology for environmental profiles of construction materials, components and buildings (Howard et al., 1999) , consistent with the business-to-business approach outlined in PAS 2050 (British Standard Institution, 2008) , as well as complying with ISO 14040/44 (ISO, 2006a, b) . To date, there is little development in LCA works that attempt to evaluate the efficiency of paint repair to heritage buildings. Most of these works were commonly undertaken without specific reference to respective standards, guidelines or supplementary manuals of LCA. Currently, there is no well-developed model with the aim of evaluating efficiency of repair for heritage buildings in terms longevity of repair and embodied carbon expenditure, within selected boundaries of LCA and maintenance periods. With regards to the longevity of paint repair within selected boundaries of LCA for this paper, it will be the function of the frequency of repair for each selected maintenance period. Subsequently, total EMI of paint repair is the multiplication of functional units used with their respective longevity of repair. For the purpose of this paper, only the total embodied carbon expenditure from repair of deteriorated paint on roof surface and covering materials of the selected case studies during the maintenance phase was considered for calculation within the cradle-to-site of LCA. It must be emphasized that initial serviceability conditions and major refurbishment works involving paint materials on roof structure, surface and covering materials as well as building structure, fabric and services on the selected case studies in the form of total embodied carbon were not calculated and excluded in this research. Moreover, evaluation of total embodied carbon expenditure for the repair of deteriorated paint during the maintenance phase was limited only to calculation within the "cradle-to-site" of LCA. This is essential to achieve its consistency.
To achieve consistency for this paper, relevant main criteria of LCA were applied to attain the best values of the embodied carbon coefficient and CO 2 emissions factors per kg km for individual materials used in paint repairs of the case studies. As asserted by Dixit et al. (2010) and Kayan (2013) , common parameters of LCA such as system boundaries, analysis methods, geographic location, primary and delivered energy, age of data, completeness of data, manufacturing technology, feedstock energy consideration and temporal representation. These parameters commonly influence the quality of embodied energy results of LCA, which could make differences on CO 2 emissions, now or in the future. Relevant main LCA criteria applied for this paper include adoption of approved methodologies/standards, application of clearly specified system boundaries, strong justification and consideration upon origin and age of data used and clear identification of means of data sources (Kayan, 2013) .
In this paper, stronger preference was given for embodied carbon coefficient and emissions factors data from the UK, as they are the most similar compared to Malaysia, particularly in the context of power generation, manufacturing processes technology, feedstock energy and temporal representativeness. Embodied carbon coefficient values for both countries were influenced by the quite similar fuel mixes and primary energy sources (electricity generation in processing, manufacturing and transporting repair materials used for repairing paint in heritage buildings), feedstock energy (such as fossil fuel usage to operate machineries production and usage of petrochemicals in paint production) as well as temporal representativeness (either a newly developed, or mix of old and new technology).
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Meanwhile, emissions factors per kg km for individual materials used in paint repairs in this paper are based on the similar mode of transportation used in both the UK and Malaysia (all average three-ton lorry) (Institut für Energieund Umweltforschung Heidelberg GmbH (IFEU), 2008). It must be noted that, their height laden (percentage), size, body type (rigid and articulated), number of deliveries within paint repair works periods, and what is carried on the return journey (on percentage part load) were excluded in this research.
However, it must be emphasized that, although variability in LCA data sources for embodied carbon coefficient used for this paper was prevalent, this did not invalidate the adopted methodology. All previous work of LCA by various publications was commonly undertaken within these constraints and problems. In general, LCA presented in this paper is a simple accumulation of embodied carbon expenditure expended in paint repair for heritage buildings based on respective longevity of repair. As input data improvements increased over time, the Green Maintenance model adopted for this paper also operated in more realistic and accurate manner.
Paint repair materials used in repairing 1 m 2 (per kg data) of roof surface area In this paper, per kg data of paint repair materials used in repairing 1 m 2 roof surface area were generated from "cradle-to-gate" and "gate-to-site" boundaries of LCA. Preparations of per kg of paint repair materials used were traced back, starting at their processing ("cradleto-gate"), followed by transportation to site ("gate-to-site"). Within these boundaries, it must be emphasized that different methods of production, energy feedstocks and modes of transportation for procuring and transporting per kg of paint repair materials were determined wherever they are only applicable for this research.
Embodied carbon coefficients (kgCO 2 e/kg) of paint repair materials Embodied Carbon Coefficients (kgCO 2 e/kg) in this paper were used to calculate embodied carbon expenditure for respective paint repair options on roof surface area of selected case studies, within cradle-to-gate of LCA, i.e. from processing and manufacturing processes. For the purpose of this research, Embodied Carbon Coefficients (kgCO 2 e/kg) of paint repair type and materials used for selected case studies were first determined based on their specification in accordance with Section 3.8 of "Garis Panduan Pemuliharaan Bangunan Warisan 2014" ( Jabatan Warisan Negara Malaysia ( JWN), 2014), in which under provision and jurisdiction of National Heritage Act (Act 645) (2005) by National Heritage Department of Malaysia ( JWN, 2014) . Then, their similarity in terms of respective type and materials were compared with data derived from Inventory of Carbon and Energy (ICE) data (Table II) . This is mainly due to availability of embodied carbon coefficient value in ICE data for most common type of paint used in building industry, including the paint type specified in the aforementioned guidelines by National Heritage Department of Malaysia. It must be noted that the values of embodied carbon coefficient are evidently not precise when applied to a general category paint repair materials. Therefore, each of these materials experienced a variation in the embodied carbon coefficient value in their specific type. Also, it must be emphasized that, embodied carbon coefficient values in Table I for paint is based on industry-average figures, which mainly generated directly relevant from 1 coat 2 coats 3 coats 0.53 1.06 1.60 Sources: Jones (2008a, b, 2011) and Omar (2014) Jones, 2008a, b, 2011) . Embodied carbon coefficient values (kgCO2e/kg) of respective paint inventories were used to calculate embodied carbon expenditure for each applied coating for paint repair on selected case studies within cradle-to-gate boundary of LCA. Table II shows type of paint used in repair of the selected case studies with their respective resourcing locations and distances (in km) to building site (case studies). For this paper, embodied carbon expended in the transportation of per kilogram of paint was considered within the cradle-to-gate boundary of LCA. Within this boundary, CO 2 emissions (in embodied carbon expenditure unit) was calculated based on the transportation of 1 kg paint repair materials, mode of transportation used and respective kg km emission factors (in this case is emissions factor of all average three-ton lorry), and the shortest and most direct distance traveled for repair material transportation from resourcing location ( processing and manufacturing) to building site (in km). It must be noted that, transportation distance between resourcing location of paint and case studies (building site) was considered to the nearest kilometer, i.e. the shortest road-driving distance using land transportation. The nearest kilometer was generated from Google Maps, with the conversion of every mile being approximately 1.609 km. It must emphasized that the transportation distance from the secondary resourcing location, such as a warehouse, port, airport or other point of procurement, either from supplier or manufacturer, were not considered for the calculation of embodied carbon expenditure (CO 2 emissions) within gate-to-site boundaries of LCA for this paper. In this research, the emission factor value for mode of transportation used by supplier for paint materials delivery to building site is constant. It must be emphasized that, paint repair materials of the case studies is only supplied by suppliers nominated by National Heritage Department of Malaysia. In this paper, three-ton lorry used by nominated supplier is only carry the paints, thus paint cost factor that influencing the final selection of paint type by contractors is excluded. Therefore, carbon emission factor value of paint materials transportation adopted for this research is constant with cradle-to-gate boundary of LCA, in shortest and most direct distance traveled, from their respective from resourcing location (nominated paint supplier) to building site (case studies). (IFEU, 2008; Defra/DECC, 2009 ). It must be noted that, the calculation was made to generate CO 2 emissions emitted for paint transportation from their respective resourcing locations to building sites. Where possible, details of the rules and conventions imposed on these industry-generated supplementary data were also adopted. Thus, the carbon emission factor for transportation (Table III) will be constant to all equations used in this paper.
Transportation data
Functional units of embodied carbon per m 2 (kgCO 2 e/kg/m 2 ) Commonly, in LCA theory and concepts, dissimilar functional units can lead to diverse results (see Hischier and Reichart, 2003; Kim and Dale, 2006) . Normally, the purpose of analysis of paint coatings is to determine their life cycle inventories, i.e. the amount of paint necessary needed to cover 1 m 2 or the coverage of certain surface area over a certain time (m 2 /year), with their respective opacity percentage (American Society for Testing and Materials, 2012). However, to be parallel with the purpose of this research, the functional unit of kgCO 2 e/kg/m 2 was used for the calculation procedures. It must be noted that, this selected functional units represent embodied carbon expenditure for repairing 1 m 2 of roof surface area of selected heritage buildings (kgCO 2 e/kg/m 2 ). To suit the goal of LCA study for this research, adopted kgCO 2 e/kg/m 2 were defined in kilograms of carbon dioxide emissions, equivalent per kilogram of paint repair materials or kgCO 2 e/kg. In this case, 1 litre of paint, is approximately equivalent to 1 kg mass of paint used, applied on 1 m 2 roof surface area (including covering materials). It must be noted that, as per kilogram of data of paint repair materials could arise from different methods and this might influencing the characterization of functional units used in this research. Therefore, their routes to production, or different energy feedstock used for manufacturing and processing, were appropriately taken into account only whenever they deemed applicable. For this research, embodied carbon expenditure expended in paint repair within cradle-to-gate boundary of LCA can be calculated based on the following equation.
Embodied carbon expenditure within cradle-to-gate:
where; m i is mass (kg) of paint, i. Longevity of repair data Over time, the rate of natural deterioration of paint usually occurs on exposed areas. In the case of roof surface and covering materials, their deterioration is mainly due to excessive rain and dampness exposure. During the deterioration process, the paint will peeled off. Peeling off process of paint from building structure and fabric is varying. This is due to different causes including natural surface dissolution, delaminated surfaces, spalling due to freeze thaw (in cold climate regions), chemical deterioration and erosion of building elements materials over time by weathering effects (Kayan, 2013) . To fix these diverse deterioration processes of paint, different repair options are generally undertaken, with application of appropriate different number of coatings. With regards to paint repair for heritage buildings, short life expectancy is commonly related to lower longevity of application, such as application of one coating. Comparatively, more durable repair options such as application of two, three or more coatings commonly lasted longer in terms of their lifespan. For the purpose of this paper, it must be noted that the longevity of paint repair and their respective coatings is commonly based on data derived from manufacturer guarantee as shown in Table IV .
Total embodied carbon (kgco 2 e/kg) for paint repair It must be noted that, in Equation (3), additional information of embodied carbon coefficient for paint within cradle-to-gate was mainly derived from paint manufactures or supplier (including information as specified in product's catalogue) as well as building repair records ( particularly number of coatings used in the repair of respective case studies as specified by National Heritage Department of Malaysia). Meanwhile, with inclusion of transportation data (emission factor and distance), total embodied carbon (kgCO 2 e/kg) expended within gate-to-site could be calculated using the following equation. Embodied carbon expenditure within "Gate-to-Site":
where m is the mass (kg) of the paint transported in every km distance; ef the emission factor per kg km for paint transportation within cradle-to-gate; in this case is a lorry up to 3 tons (kgCO 2 e/kg/km); d the shortest distance (km) for delivery of paint. The overall total of embodied carbon expenditure for the respective paint coatings and roof surface area of the selected case studies within cradle-to-site could be calculated using equation.
Overall total of carbon expenditure from cradle-to-site:
where ∑ECEcradle-to-site is overall total of embodied carbon expenditure (kgCO 2 e) in paint repair within cradle-to-site boundary of LCA. (4) and (5) only evaluate painted surface area (m 2 ) and distance from the location of paint manufacturers to the building's site (km). As discussed previously, longevity of repair for roof surface is highly influenced by the rate of natural deterioration and relevant causes. To repair these diverse deterioration processes on roof surface area, dissimilar paint repair coatings scenarios, with different longevity of repair are needed. For the purpose of this paper, this can be evaluated based on testing of Green Maintenance model using different longevity of paint repair data.
If a hypothetical maintenance arbitrary period (years) is evaluated, the need to intervene will be a function of the longevity of the paint repair. Within this hypothetical maintenance arbitrary period, total embodied carbon expenditure for resourcing, processing, manufacturing and transporting of paint repair materials used in repairing roof surface area of heritage buildings, in terms of EMI within cradle-to-site could be expressed using the following equation:
Total of environmental maintenance impact EMI ð Þwithin abritary period years ð Þ¼
where; tn is paint coatings (tn) for selected arbitrary years of maintenance profile periods; EMIcradle-to-site tn the total embodied carbon expenditure for resourcing, processing and manufacturing and transporting of paint repair materials used in repairing roof surface area of heritage buildings, using different paint coatings repair scenarios within selected arbitrary years of maintenance profile periods (generated from Equation (5)). Within selected arbitrary years of maintenance profile periods, the value entered in Equation (6) will determines the total EMI of paint repair, as discussed further in results section.
Results
The results of this paper were developed using generated LCA data of embodied carbon expenditure (kgCO 2 e/kg). This was applied to paint repair options on the selected case studies. Primarily, generated results were set to improve the efficiency of paint repair in terms of embodied carbon expenditure for heritage buildings, aligns with conservation philosophy and principle as discussed previously. It is widely accepted that maintenance has been accepted as a cost commitment that is associated with building. Clearly, as carbon accounting becomes more prevalent, additional financial cost can be evaluated and factored into the true cost of paint repair (carbon + financial cost) (Trading Economics, 2014) . Traditionally, a financial drive for cost reduction in paint repair should lead to a response that attempts to attain carbon savings as a monetary value. However, to achieve this, a wide scale evaluation of all repair materials and options of large number of case studies are needed. This should ultimately to be used to generate a formalized inventory for paint repair techniques. A "carbon hand book" for paint repair of heritage buildings could be developed that could ideally integrated into the building cost information systems. This could potentially, unify the two principle measures of cost, both monetary and carbon. It must be noted, however, as per goal of this research, functional unit used (kgCO 2 e/kg/m 2 ) is not established based on true cost of paint repair.
Total mass (kg) of paint repair materials
Moreover, budgetary pressures can often conflict with minimal intervention principles, with the motivation to spend budget allocation resulting in unnecessary works being undertaken. Mills (1994) and Smith (2005) expounded that, the nature of annual budgetary bidding processes in most organizations makes planned maintenance difficult to administer and the resulting repair works uneconomical. However, any maintenance intervention (including paint repair) also entails a carbon obligation, and there is an increasing focus on reducing carbon in the built environment through cost analysis approach. Fundamentally, paint repair of heritage buildings contributes to the lifetime carbon emissions in a way that may be cumulatively significant. In reality however, this experimental approach analysis on paint materials is largely focus only on new build and upgrading works on existing buildings, and not on maintenance and repair of heritage buildings. Therefore, testing of Green Maintenance model in this paper is essentially relies upon determination and understanding of the interrelationship of the longevity paint repair materials with their respective embodied carbon expenditure.
Testing the Green Maintenance model
Testing on Green Maintenance model in this paper was undertaken by comparing the embodied carbon expended with respective longevity of paint repair. As discussed previously, in order to test the efficacy of model, the longevity of paint repair within arbitrary periods (between 50 and 150 years) is chosen. Longevity of paint repair will be the function of number of frequency of repair for each selected arbitrary periods (years), which can be express in the following equation.
Longevity of paint repair:
where; i is the interval years of paint repair; x years the arbitrary period (years) of maintenance intervention paint repair options; f x the longevity of paint repair options for respective numbers of coatings applied within arbitrary periods. It must be noted that, the data utilized in "Green Maintenance" result testing should become more rigorous with time as LCA and life expectancy information of products or paint repair materials becomes more widely available. As discussed previously, there is no clear indication by previous studies on how LCA parameters causing variations in embodied carbon expenditure. There is no specific study on how different longevity of paint repair options influencing embodied carbon expenditure expended in repair for heritage buildings. In this paper, however, it must be emphasized that longevity of repair for paint repair option is fundamental requirement for the assessment of total EMI. Using Equation (7), based on interval years of paint repair (i) and respective selected arbitrary period and paint coatings, longevity of paint repair is determined. For the purpose of calculation procedures of this paper, the longevity of paint repairs within every arbitrary year period was determined as shown in Table VII . It must be emphasized that, for this paper, the number of paint coatings applied for each paint repair options and their respective longevity is mainly based on manufacturer's guarantee and historical records of repair of selected case studies.
Total EMI
The total EMI (kgCO 2 e) of paint repair of the selected case studies within cradle-to-site is multiplication of functional units of (in this case kgCO 2 e/kg/m 2 of painted roof surface) with their respective longevity of repair, undertaken within each arbitrary period. In this research, the testing of total EMI evaluation is linked with the appraisal of cumulative effect of maintenance interventions over roof surface and covering materials life, denoted by paint repair options in terms of embodied carbon expenditure (CO 2 emissions) and their respective longevity of repair. As generated from Equation (6) and Equation (7), total EMI expended by maintenance interventions through paint repair of this research can be expressed in the following equation.
Total environmental maintenance impact (EMI):
where; f x is the longevity of paint repair for respective numbers of coatings applied within arbitrary periods; ∑EMI ¼ Environmental Maintenance Impact (kgCO 2 e/kg). In practice, it is commonly found that LCA appears to be problematic as it has many complications. As discussed previously, despite a considerable numbers of established LCA guidelines, however, they are constantly missing the opportunity to evaluate on how should be LCA approach adopted for heritage buildings. Hammond and Jones (2008a) suggest that there are varies differences in LCA calculations including boundary conditions restriction, general incorrect assumptions and highly dependent of different relevant parameters. This includes influences of different arbitrary periods of paints repair options and longevity of repair, in which commonly contributes to natural level of variation and methodological differences of LCA. To achieve soundness of approach for this paper, calculation procedures of Green Maintenance model within selected boundaries of LCA were adopted. Using longevity of repair options for paints as the main parameters, calculation procedures undertaken in this paper was mainly to calculate total EMI of paint repair, within cradle-to-site boundary. It must be noted that, this approach could only be accurate if all the paint repairs are carried out immediately after the life expectancy of repair material used in each repair has concluded. Additionally, this also must be placed on the calculation procedures of Green Maintenance model, which should be able to draw rationale comparisons between numbers of paint coats applied and their respective longevity of repair (lifespan). Evidently, longevity of repair is so fundamental for the quantification of total EMI, within selected boundaries of LCA and maintenance phase periods.
From Table VIII , there is increment of the total of embodied carbon expenditure (CO 2 emissions) within cradle-to-site for every numbers of paint coatings applied on roof surface. It shows that, the higher the number of coating applied, the higher embodied carbon expenditure for paint repair. Independently, the choice of best paint coating and its restoration materials should be decided before they are used for repair. Practically, it is highly recommended that this to be decided after appropriate scientific experimentation were undertaken to determine the best type and options for paint coating and restoration materials. This scientific experimentation can be regarded as the best parameter to be considered prior to paint repair works. But, as highlighted previously, this parameter is outside the scope of this research. It must be noted that this research is largely relates the best specific number of coatings of paint repair for selected heritage buildings and their environmental impacts, within their longevity of repair as specified in manufacturer's guarantee and historical building repair records, and it is not comprehensively inclusive of independent scientific experimentation.
In the context of maintenance and repair of heritage buildings and their whole life cycle point of view, the higher number of paint coatings applied, the more durable roof surface area and covering materials would be (higher longevity of repair and less intervention).
As highlighted previously in testing of Green Maintenance model section, the need to repair the paints during hypothetical arbitrary period will be a function of the longevity of repair. Within these arbitrary periods, overall total EMI of paint repair within selected arbitrary periods of this research is shown in Table IX .
Results from Tables VIII and IX show that Green Maintenance model can be tested on its EMI, for one, two and three coats of paint repair on roof surface area, of the respective selected heritage buildings. The testing results from these two tables also significant as they indicate that different coating of paints applied will ascertain repair options suitability, based on longevity of repair over the selected maintenance period.
Table IX also shows that it is frequently required for overall surface of roof area to be repainted within maintenance phase (large roof surface areas will implicates consistently high overall total EMI within the life cycle of heritage buildings). The results generated by Green Maintenance model indicates that, the more frequent the paint repair (lowest longevity of repair such as one coating painting), the higher their overall total of EMI (higher CO 2 emissions) as compared within cradle-to-site of LCA, in different arbitrary periods. Conversely, results produced by the model also revealed that, the lowest or minimal intervention paint repair is the best options with the lowest CO 2 emissions, It must be emphasized that, in order to rigorously evaluate the impact of paint repair within different interval years, there is a need to consider difficulties in controlling relevant influencing parameters, such as budgetary restraints and philosophical frameworks. Additionally, applicability of traditional philosophical tenets for maintenance intervention impact is commonly underpins the suitability and defensibility of the paint repair. Philosophically, these parameters could be extended to more specifically encapsulate sustainability domain. Theoretically, complex parameters influenced building maintenance and environmental sustainability. Practically, in the case of this paper, the most effective paint repairs in terms of environmental sustainability are those that most suitably accommodate all parameters and sustainable solutions.
As discussed previously there is a vast difference between paint types and their VOC contents as well as varying durability and lifespan. As emphasized by Balaras et al. (2005) inconsistent data on the durability of product or materials also makes the determination and benchmarking of component life difficult. This led to some estimated service life predictions being quite unrealistic (Building Cost Information Service, 2006) . It must be noted that, in the case of paint, their average life expectancy or longevity of repair (in years) does not take account of a well-maintained building. There are many examples of applied paint still functioning satisfactorily in heritage buildings that are several hundred years old. For example, undertaking paint repairs at frequent intervals e.g. 50, 100 or 150 years might or might not increase the risk of mechanical damage to the roof structure, surface and covering materials. Basically, less regular paint repair can reduce the risk of this damage. This also parallel with both 1877 Society for the Protection of Ancient Buildings (SPAB) and 1999 Burra Charter of Australia ICOMOS principle guidance of cultural heritage conservation philosophy and minimal intervention principle.
Significantly, generated total EMI based on Equation (8) shows the significance influences by Green Maintenance model in the evaluation of paint repair options appraisal for heritage buildings. The model shows that long terms cumulative impact in terms of embodied carbon expenditure for paint repair in heritage buildings, is largely depending upon longevity of paint repair options and total roof surface painted area. The results of this research also show that, three coats of paint have the highest embodied carbon expenditure of all the coatings applied, across all the selected case studies. However, when this is placed in the context of a 50, 100 and 150 year maintenance arbitrary period, it has the highest longevity of repair compared to the other coatings, resulting less repair. This is parallel with philosophy and basic principles of heritage building conservation, i.e. minimal maintenance intervention.
Conclusions
The results of case studies of this paper show that generated total embodied carbon expenditure expended paint repair of selected heritage buildings can be evaluated and tested based on Green Maintenance model. Also, it has been shown to aid in the rational determination of paint repairs, highlighting options with the greatest ability to reduce carbon dioxide, set against longevity. Initially, three coats of paint contribute to the highest embodied carbon expenditure. On the other hand, it also has the highest longevity of repair as compared to the other options, in which resulting less repair within cradle-to-site boundary of LCA and hypothetical maintenance arbitrary period. Clearly, the higher the longevity of repair for paint repair options, the better they are in terms of the embodied 84 IJBPA 35,1 carbon expenditure. Paint repair appraisal in this research demonstrates that average value of embodied carbon expenditure for three coats of paint was the highest. However, it appeared to have expended less embodied carbon compared to other options when they are put in the context of selected maintenance periods, i.e. longer time frames. This was due to the lowest number of repair needed over longer time frames; therefore able to contribute to the lowest total EMI. Practically, this option should be encouraged as it was the best, not only for its ability to fulfilled building conservation philosophy and basic principles requirements, but also its capability to produced lowest embodied carbon expenditure (CO 2 emissions).
As widely accepted, building maintenance contributes to cost commitment. It also associated to carbon obligation through lifetime carbon emissions cumulatively. Nowadays, the focus on reducing carbon in the built environment is increasingly accepted. However, the emphasis of experimental approach analysis is unfortunately, however, is frequently on new build and upgrading works on existing buildings and rarely on heritage building. Significantly, Green Maintenance model will helps the building maintenance managers or paint manufacturer to utilized embodied carbon expenditure data based on longevity of paint repair in order to reduce the amount of carbon emissions. As our society moves toward a low carbon economy and materials and "green" procurement, this model will be positively welcomed. While low carbon trading in building industry becomes more prevalent, the model can be converted into a supplementary financial cost in maintenance decision-making process. Moreover, EMI of the model has shown its ability to provide guidance for the flexible selection of maintenance and repair options. Thus, this will minimize embodied carbon expenditure (CO 2 emissions), expended in heritage buildings repair. Beneficially, this will eventually promotes sustainable solutions for the repair for heritage buildings. If implemented, it could be beneficial and should be viewed as an important tool for attaining carbon reduction targets.
As commonly encountered in LCA study, the main limitations of this research are inconsistencies of data. Gradually, it must be emphasized that this model is able to operate in a realistic and accurate manner as LCA data inputs of paint repair materials are enhanced over time. To attain robustness and effectivity of this paper, greater synthesis focusing on theoretical calculation and procedures of this model is essential. Despite its problematic application from the field of cultural heritage conservation, the usefulness of the model should also be viewed from an economic and EMI perspective. Looking ahead, validation of the model with other tools and application to other case studies would be an interesting study to look forward to by like-minded researchers. To attain the accuracy of the model, large scale evaluation of practice-based case studies that investigate further complementary work on feedback system of the model would also be beneficial. Significantly, the model addresses an important and timely issue related to sustainability and heritage buildings as it has a lot of potential that can be applied to other components aside from paint repair. Most importantly, it is beneficial for any parties responsible for any building repair types, materials used and building forms, particularly in achieving sustainable repair. 
